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A B S T R A C T 
 
Electrodeposition of Fe-Cr-Ni alloy thin films with high corrosion resistance, low cytotoxicity and soft-magnetic 
properties is reported. Fe-Cr-Ni films with Cr contents from 5 wt% to 40 wt% were prepared by adjusting the 
current density during electrodeposition and the film properties were investigated. An excellent corrosion resistance 
was found in films with high Cr contents (≥30 wt%), where anodic polarization performance similar to 
those of AISI 304 and 316L stainless steels was observed in both acidic and biological media. Cell compatibility, 
measured by lactate dehydrogenase assay, demonstrated that electrodeposited Fe-Cr-Ni films exhibit low cytotoxicity, 
comparable to AISI 304 and 316L stainless steels. Unlike AISI 304 and AISI 316L, which are conventional 
austenite stainless steels, the electrodeposited Fe-Cr-Ni films were found to be amorphous. This leads to 
soft ferromagnetic characteristics, which are dependent on the alloy composition. The unique combination of 
excellent corrosion resistance, low cytotoxicity and tunable magnetic properties makes this material interesting 





Electrodeposition is an appealing technique to synthesize thin films 
of metals and alloys because of its cost effectiveness, scalability and 
versatility. This is why it is widely used to fabricate functional coatings 
for various industrial applications. In addition, this technique can be 
combined with ultra-violet (UV) or X-ray lithography, e.g. LIGA [a 
German acronym for Lithographie, Galvanoformung, Abformung 
(Lithography, Electroplating, and Molding)], processes [1, 2] to create 
precisely designed free-standing microcomponents. Electrodeposition is 
nowadays employed to grow materials into many different templates 
with micro- and nano-meter-scale features: substrates containing 
threedimensional structures patterned by two photon lithography [3], 
anodic porous alumina or polycarbonate membranes [4, 5], or self-assembled 
colloidal crystals [6–10]. These techniques pave the way to the 
design of a large variety of nano and micro-scale advanced materials in 
a relatively simple manner. 
From scientific and engineering perspectives, electrodeposition of 
stainless steel is of great technological interest. Stainless steel, which is 
a Fe-alloy with at least 10.5 wt% of Cr, is one of the most widely used 
materials in metallurgy because of its excellent corrosion resistance and 
outstanding mechanical properties. Among many different grades of 
stainless steels, AISI 300-series austenitic stainless steels are particularly 
important, because they show superior corrosion resistance with 
respect to other stainless steels. Moreover, some of them can be employed 
for biological and medical applications thanks to their sufficient 
biocompatibility. 
Recent growing demands for miniaturization in high-tech industries 
have pushed the development of several microfabrication techniques 
for stainless steel, such as additive manufacturing (3D printing) using 
metal powder [11] and micro-powder injection molding [12]. However, 
these micromachining technologies still require improvement 
with regard to cost, performance, process time and precision, which are 
severe technological challenges, mostly due to the high chemical resistance 
and hardness of stainless steel. In addition, it is not straightforward 
to grow steel in thin film form. In this context, the electrodeposition 
and concurrent patterning of stainless steel is a promising 
microfabrication technique which is likely to revolutionize stainless 
steel technology. 
Electrodeposition of stainless steel and Fe-Cr based alloys from Cr 
(III)-containing solutions has been studied for many years. The main 
efforts were directed towards studying the influence of electrolyte and 
deposition parameters on the targeted elemental composition of the 
films [13, 14] and on investigating the mechanisms behind such complex 
electrochemical systems [15]. As a result, relatively thick (tens of 
micrometers) coatings with uniform compositions have been produced. 
So far, however, significantly thick and crack-free self-standing electrodeposits 
were only achieved for Fe-Ni-Cr alloys with relatively high 
Ni and low Cr contents which do not match the corrosion resistance of 
bulk stainless steel [16]. The quality (morphology, adherence and 
porosity) of the electrodeposited coatings is critical for technological 
applications such as corrosion protective coatings and LIGA additive 
manufacturing. Therefore, there is clearly a need for further improvement 
in this field. In particular, electrodeposited Fe-Cr-Ni has great 
potential for the fabrication of Micro-Electromechanical Systems 
(MEMS) for a variety of applications, including bio-medical implants. 
For such applications, low cytotoxicity, excellent corrosion resistance, 
good mechanical features and soft magnetism are essential properties. 
We previously demonstrated that an Fe-Cr-Ni alloy plating bath 
based on chloride salts and containing glycine as a complexing agent 
yields amorphous or nanocrystalline Fe-Cr-Ni alloy films with much a 
higher Cr content and mechanical properties comparable to or even 
higher than AISI 304 [17]. Here, we electrodeposit micrometers-thick 
crack-free Fe-Cr-Ni films with high Cr content and assess their corrosion 
performance, cytotoxicity and magnetic properties, taking austenitic 
bulk stainless steels as reference materials. 
 
2. Material and methods 
 
2.1. Electrodeposition of Fe-Cr-Ni 
 
The electrodeposition of Fe-Cr-Ni was performed in a glass beaker 
equipped with a water jacket for temperature control. The temperature 
of the electroplating bath was set to 22 °C ± 0.5 °C using a temperature 
controlled circulator (Julabo, F12-ED). The electrodeposition of Fe-Cr- 
Ni was performed onto a silicon substrate covered with a sputter-coated 
Au layer (100 nm) deposited on top of a Cr adhesion layer (5 nm). Prior 
to each electrodeposition experiment, the substrate was cleaned in 
freshly prepared Piranha solution (30% H2O2:H2SO4=1:3) and thoroughly 
rinsed in deionized water (18.2MΩ·cm). Subsequently, the 
substrate was partially masked with plastic tape in order to expose a 
plating area of 1.5 cm×1.5 cm. A Pt mesh (80 mesh, 25mm×35 mm, 
ALS Co., Ltd) was used as a counter-electrode. The bath composition is 
shown in Table 1. All of the chemicals were reagent grade (Sigma-Aldrich) 
and were used as-received without any further purification. The 
bath constituents were mixed by following the procedure described in 
Ref [17]. Electrodeposition was carried out at a current density ranging 
from −50 to −100 mA/cm2 using a potentiostat (PGSTAT 30, Metrohm 
Autolab B.V.) controlled by the NOVA (version 1.7) software. 
The surface morphology of the Fe-Cr-Ni samples was observed by 
field-emission scanning electron microscopy (FE-SEM, Hitachi S-4800, 
Hitachi High-Technologies Corporation). Crystal structures were characterized 
by grazing-incidence X-ray diffraction (GI-XRD, Brucker) with 
a Cu Kα radiation source (40 kV, 40 mA). The incident angle was fixed 
to 10°. The diffraction patterns were recorded in the 2θ range between 
30° and 100°. 
The elemental compositions (Fe, Cr and Ni contents) of the specimens 
and the thicknesses of the films were estimated by X-ray fluorescence 
(XRF, Fischerscope® X-RAY XDV®-SDD, Fischer Technology). 
The measurements were performed at 25 uniformly distributed points 
on each sample. The alloy composition map of an electrodeposited 
sample obtained from these measurements shows that the Cr content is 
higher at the edges of the sample than the center (Cr variation≈15 wt 
%) due to an uneven current distribution during electrodeposition. 
Therefore, in this paper, the mean of 25 measurements was chosen as 
the representative concentration of the sample. Glow discharge optical 
emission spectroscopy (GDOES, JY 5000 RF, HORIBA Jobin Yvon) was 
performed to assess the presence of impurities. The measurements show 
that the electrodeposited films contain approximately 4 wt% carbon, 
2 wt% nitrogen and traces of oxygen. There was no clear correlation 
between the compositions of the alloys and the concentrations of impurities. 
 
2.2. Anodic linear sweep voltammetry (LSV) 
 
The corrosion behavior of the Fe-Cr-Ni electrodeposits was analyzed 
by anodic linear sweep voltammetry in a 0.5M H2SO4 aqueous solution 
at 23 °C and in a DMEM (Dulbecco's Modified Eagle Medium) biological 
medium at neutral pH at 37 °C. In addition to the electrodeposited 
films, disks of AISI 316L (Cr18/Ni10/Mo3) and AISI 304 (Cr18/Ni10) 
were analyzed as reference samples. The measurements were performed 
in a conventional three electrode electrochemical cell. The test 
solution was freshly prepared and de-aerated in the electrochemical cell 
by Ar bubbling for at least 30 min prior to each experiment. A Fe-Cr-Ni 
electrodeposited film was then placed in a Teflon sample holder with a 
circular exposed electrode area, 9mm in diameter. Pt wire was used as 
a counter-electrode, while a Ag/AgCl electrode was used as a reference 
electrode. For AISI 316L and AISI 304 disks, samples were cleaned in 
acetone with sonication for 15 min, followed by rinsing in ethanol. 
Then, they were further cleaned in Piranha solution for a few minutes to 
remove any residual surface contamination. Finally, the electrodeposited 
films were cleaned in deionized water prior to each measurement. 
The cleaned samples (AISI 304, AISI 316L and electrodeposited 
samples) were immersed in the test solution (0.5M H2SO4) 
for 15 min prior to each measurement. For the acidic solution, a 
cathodic pre-treatment was carried out at −0.6 V vs. Ag/AgCl for 
15 min. The anodic linear sweep voltammetry was performed from 
−0.6 V to +1.5 V vs. Ag/AgCl at a scan rate of 1 mV/s immediately 
after the cathodic pre-treatment. For the DMEM biological solution, no 
cathodic pre-treatment was employed, and the anodic LSV was performed 
under the same conditions as for the acidic medium. 
 
2.3. Cytotoxicity tests 
 
The samples were sterilized by incubating them overnight in 70% 
ethanol/water. Afterwards, they were thoroughly washed with phosphate- 
buffered saline (PBS) and transferred to a 6-well cell culture 
plate. Cells (A549, human adenocarcinoma cell line) were seeded into 
6-well cell culture plates containing the steel samples (n=3 for every 
plate). Cells were seeded on the samples at a density of 100,000 per mL 
in DMEM medium containing 1% fetal bovine serum (FBS) and antibiotics. 
For the positive control, cells were lysed with 0.1% Triton X 
(total lysis). Cells not exposed to samples served as negative control. 
After 24 h, supernatants were collected and lactate dehydrogenase release 
into the medium was measured by the lactate dehydrogenase 
(LDH) kit following the manufacturer's protocol (NonRadioactive 
Cytotoxicity Assay, Promega). The results are expressed relative to the 
positive control (total lysis, equivalent to 100% cell death). Cells were 
then fixed with 4% paraformaldehyde (PFA) for 12 h at 4 °C and permeabilized 
with 0.1% Triton X for 2 min. The cytoskeleton of the cells 
was then stained with Phalloidin Alexa 488 (Life Technologies, following 
the manufacturer's protocol). The nucleus was stained with 
DAPI (4′,6-diamidino-2-phenylindole). Cells were then imaged using a 
Zeiss Axio Fluroescence microscope. For scanning electron microscopy, 
cells were gradually dehydrated with ethanol (30%, 50%, 70%, 80%, 
90%, 100% (3×) for 5 min each), coated with 7 nm of gold and imaged 
in a FE-SEM (Hitachi S-4800, Hitachi High-Technologies Corporation) 
using an accelerating voltage of 2 kV. 
 
2.4. Magnetic characterization 
 
Hysteresis loops were recorded at room temperature in a vibrating 
sample magnetometer (VSM) from Oxford Instruments, using a maximum 
applied magnetic field of 1 Tesla. The magnetic field was applied 
along the film plane direction. 
 
3. Results and discussion 
 
3.1. Electrodeposition of Fe-Cr-Ni films 
 
Generally, in stainless steel alloys, the Cr content is the prime factor 
determining the corrosion resistance. In order to understand and optimize 
the effect of composition on the resulting properties, Fe-Cr-Ni 
films with various Cr contents were prepared. Fe-Ni deposition, which 
follows the so-called anomalous co-deposition [15], leads to less-noble 
Fe depositing preferentially with respect to Ni, even if the Ni:Fe ratio 
inside the bath is much greater than one (Table 1). However, during codeposition 
of Fe-Cr-Ni in this plating system, cathodic reactions of Fe 
and Ni ions are limited by mass-transfer. On the other hand, Cr, whose 
deposition potential is more negative than those of Fe and Ni, is deposited 
in the charge-transfer limited or mixed regime. Hence, the deposition 
rate of Cr is highly dependent on the polarization of the electrode 
(or the applied current density), while those of Fe and Ni should 
not be affected by the current density, as long as the mass-transfer state 
is unchanged. Thus, the Cr content in a deposit can be adjusted by 
simply tuning the current density. Therefore, in this study, a series of 
electrodepositions is carried out at various current densities in order to 
obtain Fe-Cr-Ni deposits with different Cr contents. 
Fig. 1a shows the dependence of composition on the current density. 
As expected, the Cr content increases from 5 wt% to 38 wt% with an 
increase in the cathode current density from −50 mA/cm2 to 
−100 mA/cm2. This consequently leads to a decrease of Fe and Ni 
contents from 78 wt% to 48 wt% and from 20 wt% to 13 wt%, respectively. 
It should be noted that the ratio of Fe:Ni essentially did not 
change (~4), which agrees with the deposition mechanism described 
above. 
Avoiding or minimizing cracking in electrodeposited films is a 
challenge for Cr and its alloys, and this limits the maximum achievable 
thickness of the coatings. As proposed by Snavely [18], cracking is 
related to the incorporation of chromium hydrides (CrH and/or CrH2), 
which subsequently decompose into metallic Cr and hydrogen atoms, 
thus resulting in shrinkage of the films. Here, cracks were observed in 
Fe-Cr-Ni electrodeposits when the films exceeded a certain thickness. 
Typically, cracks appear on the film's surface after some hours or days 
of storage once the samples are prepared. This observation suggests 
structural changes in the deposits after electrodeposition, which supports 
the aforementioned mechanism. 
SEM observations of Fe-Cr-Ni electrodeposits with various compositions 
revealed that the films are free of cracks for thicknesses up to 
5 μm, regardless of the alloy composition. Therefore, in this study, we 
prepared films with thickness of around 5 μm for the characterization of 
their corrosion resistance and cytotoxicity. Fig. 1b shows top-view SEM 
images of 5-micrometer-thick Fe-Cr-Ni films with different Cr contents. 
The Fe-Cr-Ni films are in general very smooth (roughness ≤200 nm), 
although a few nodule-like deposits were occasionally observed on the 
surface. The size of these nodules varies from sub-micrometer to a few 
micrometers and the number of nodules also varied among samples. 
While no clear relationship was observed between the nodule formation 
and the alloy composition, the number of nodules tends to increase with 
an increase of thickness, implying that nodules nucleate randomly but 
remain during film growth. 
The crystallographic structures of the Fe-Cr-Ni electrodeposits with 
different compositions were analyzed by GI-XRD (Fig. 2). We previously 
reported [17] that Fe-Cr-Ni deposits containing 25–30 wt% Cr are 
amorphous, unlike the austenitic stainless steels AISI 304 and AISI 
316L. In agreement with the previous result, no visible peaks were 
observed in any of the GI-XRD profiles of the Fe-Cr-Ni electrodeposits in 
the range of Cr content between 5 wt% and 51 wt%. These results reveal 
that the microstructure of the Fe-Cr-Ni deposits is not significantly affected 
by the composition, at least in the range of Cr content investigated 
in this study. 
 
3.2. Anodic linear sweep voltammetry 
 
The excellent corrosion resistance of stainless steels is associated 
with the native surface oxide which passivates the surface and protects 
the alloy from anodic dissolution [19–21]. Extensive studies of the 
passivation film have shown that its composition [22, 23], thickness 
[24] and microstructure [25, 26] significantly affect the corrosion resistance. 
Therefore, the investigation of surface oxides, especially their 
formation and anodic dissolution, provides important insights into 
corrosion of stainless steels. 
In this study, the anodic linear sweep voltammograms of the samples 
were measured in 0.5M aqueous sulfuric acid. We employed a 
cathodic pre-treatment (or activation), which is a commonly used surface 
preparation method for anodic polarization studies of stainless 
steels [24, 27–29], in order to remove the native oxide layer, thereby 
enabling the characterization of oxide formation and its anodic dissolution 
during a potential sweep. The cathodic pretreatment was 
performed at−0.6 V vs. Ag/AgCl for 15 min in the test solution in order 
to remove the native oxide layer. The polarization measurement was 
performed immediately after the pre-treatment. The polarization curves 
obtained with this procedure are reasonably reproducible. Fig. 3a 
compares the anodic polarization curves of an electrodeposited Fe-Cr- 
Ni film (32 wt% Cr), AISI 304 and AISI 316L. Table 2 lists the extracted 
corrosion parameters. All polarization curves show the typical active– 
passive–transpassive transition. The anodic peak for the passive 
oxide formation appears around −0.25 V and the passivation plateau 
continues until the breakdown potential around +1.0 V, where the 
transpassive formation of soluble Cr2O7 
− begins [24]. The anodic polarization 
curve of an electrodeposited sample (32 wt% Cr) in the passive 
region overlaps closely with those of AISI 316L and AISI 304, demonstrating 
that the electrodeposited sample exhibits a passivation 
behavior similar to those of standard austenitic stainless steels. On the 
other hand, some characteristic differences between the electrodeposited 
sample and standard stainless steels are observed. Primarily, 
the cathodic reaction (hydrogen evolution) on the electrodeposited 
sample is significantly enhanced with respect to AISI 316L and AISI 
304, and this consequently results in the positive shift of the zero-current 
potential. Secondly, the transpassive breakdown starts at a slightly 
more positive potential on the electrodeposited sample than in standard 
stainless steel samples. The difference in electrochemical behavior between 
the electrodeposited sample and standard stainless steels is attributed 
to the dissimilarities in microstructure and chemical composition 
of the passive oxide film. As shown previously, electrodeposited 
Fe-Cr-Ni is amorphous, in contrast to its metallurgical crystalline 
counterpart [17]. Moreover, the incorporation of hydroxides and hydrides 
in the coating from enhanced hydrogen evolution reactions [30, 
31] results in a passive oxide layer which differs in chemical composition 
from those of the AISI stainless steels. Fig. 3b shows the polarization 
curves for electrodeposited samples containing various contents 
of Cr. The graph reveals that the Cr content significantly affects the 
passivation performance of electrodeposited Fe-Cr-Ni. The polarization 
curves of samples with 12 and 18 wt% Cr show two broad current peaks 
in the potential ranges between −0.2 V and +0.4 V and between 
+0.4 V and +1.0 V. These peaks are attributed to the formation of 
soluble Fe2+ and Fe3+ [24], respectively. It is widely accepted that the 
corrosion protection is brought about by the formation of a chromic 
oxide matrix which stabilizes these Fe species. As can be seen in the 
graph, the current peaks in the passive region become smaller with an 
increase in the Cr content up to around 30 wt%. The best results are 
obtained around this Cr content, and for the best cases (i.e. 32 wt% Cr, 
37 wt% Cr), the polarization curves in the passive region are very close 
to those of AISI 304 and AISI 316L, confirming the outstanding corrosion 
resistance of these coatings. Further increase in the Cr content does 
not provide any significant changes in corrosion passivation, which is in 
agreement with the known effects of Cr on corrosion properties of 
stainless steels [24, 28]. 
Additionally, anodic linear sweep voltammetry tests of the samples 
were performed in a biological medium, namely Dulbecco's Modified 
Eagle Medium (DMEM) using the same polarization parameters as for 
the acidic case, but without implementing a cathodic pre-treatment, 
thus maintaining the native oxide layer intact. These measurements 
allowed for assessing the corrosion behavior of electrodeposited Fe-Cr- 
Ni films in a physiological solution, which resembles a potential biomedical 
application environment. Fig. 3c compares the anodic polarization 
curves of an electrodeposited Fe-Cr-Ni film (34 wt% Cr), AISI 
304 and AISI 316L. The extracted corrosion parameters for those 
samples (Table 2) are in agreement with results previously obtained for 
standard stainless steels in other physiological media [32]. Electrodeposited 
Fe-Cr-Ni presents a smaller catalytic effect on the cathodic 
reaction than standard stainless steels, which could explain its higher 
passive current in the anodic region. The absence of current spikes in 
the passive domain, together with visual inspection of the samples after 
tests, confirmed that pitting was not initiated. Moreover, the transpassive 
domain (starting around 0.7 V vs. Ag/AgCl) is consistent with Cr 
(III) to Cr(VI) dissolution and water oxidation at neutral pH. In this 
region, the variation of current values at the plateaus can be explained 
by the differences of Cr dissolution among the samples: electrodeposited 
Fe-Cr-Ni is much richer in Cr than standard austenitic 
stainless steels. 
Overall, in the case of an acidic solution, polarization measurements 
of the electrodeposited samples clearly show the formation of a highly 
passive surface oxide film, similar to those of the standard stainless 
steels. Moreover, polarization scans in a biological medium (DMEM) 
confirm that electrodeposited Fe-Cr-Ni also presents good corrosion 
properties in a physiological cell-culture environment, with no signs of 
pitting. 
 
3.3. Cytotoxicity tests 
 
With regard to the potential biomedical applications of electrodeposited 
Fe-Cr-Ni, cell adhesion and compatibility issues are critical. 
We therefore compared cell adhesion and morphology on 
electrodeposited Fe-Cr-Ni samples to those of commonly used stainless 
steels (AISI 304 and AISI 316L). Fig. 4a–c reveals comparable cell adhesion 
for all three samples investigated, with no visible cell morphological 
differences among them. SEM micrographs (Fig. 4d,e) further 
show comparable morphology and cell surface adhesion between AISI 
316L stainless steel (Fig. 4e) and electrodeposited Fe-Cr-Ni (Fig. 4d) 
samples. Cell compatibility was confirmed by quantifying lactate dehydrogenase 
(LDH) release into the medium (Fig. 4f). LDH is released in 
response to membrane damage and is a sensitive marker for cytotoxicity. 
Again, there is no difference between the various samples and cell 
death is comparable to the negative control (no steel, cells only 
sample). 
 
3.4. Magnetic characterization 
 
Contrary to the non-magnetic character of conventional (i.e. crystalline) 
austenitic steels, the electrodeposited amorphous-like Fe-Cr-Ni 
films are ferromagnetic. Representative hysteresis loops of the various 
investigated coatings, measured along the in-plane direction, are shown 
in Fig. 5a. All films exhibit a soft ferromagnetic behavior, with coercivity 
values in the range 5–40 Oe and saturation magnetization, MS, 
which decreases linearly with respect to the Cr wt% (see Fig. 5b). For a 
Cr content exceeding 40 wt%, the electrodeposited alloys become fully 
non-magnetic. These results are in agreement with previous studies on 
Fe-Cr based metallic glasses [33, 34], where the dilution of Fe with Cr 
was reported to lead to a linear decrease of the overall magnetization 
due to a decrease of the Fe-Fe exchange interactions [34], which was 
also manifested by a reduction of the Curie temperature. Additionally, 
the exchange interactions between Fe and Cr atoms are known to be 
antiferromagnetic [33], thus further contributing to the decrease of MS. 
Overall, our results reveal that by varying the current density during 
electrodeposition the magnetic response of Fe-Cr-Ni alloys can be 
highly tailored, as occurs in other electrodeposited systems such as Cu- 
Ni [35]. This is an interesting result for the potential implementation of 





Amorphous Fe-Cr-Ni thin films with various Cr contents were prepared 
by electrodeposition. 
1. The anodic linear sweep voltammetry demonstrated that: 
• In aqueous sulfuric acid solution, electrodeposited Fe-Cr-Ni films 
with a Cr content of 30 wt% or more exhibit an excellent passivation 
behavior, which is similar to that of AISI 304 and AISI 316L 
austenitic stainless steels. 
• The electrodeposited film with 32 wt% Cr in such acidic media 
shows passivation currents below 0.07 mA/cm2 and a large and 
stable passive electrochemical window (−0.5 V to +1.0 V vs. Ag/ 
AgCl). 
• In a biological medium, electrodeposited samples present good 
corrosion properties compared to standard stainless steels, 
without incurring pitting. 
2. Cytotoxicity tests with the lactate dehydrogenase assay revealed 
that: 
• Electrodeposited Fe-Cr-Ni exhibits low cytotoxicity (cell death 
below 0.7%), comparable to that of AISI 304 or AISI 316L. 
3. Unlike AISI 304 and AISI 316L, which are non-magnetic, electrodeposited 
Fe-Cr-Ni alloys exhibit soft-magnetic properties: 
• Saturation magnetization of electrodeposits linearly decreases 
from 662 emu/cm3 to zero with an increase in Cr content from 
4.8 wt% to 41.0 wt%. 
This unique combination of outstanding corrosion resistance, low 
cytotoxicity and soft magnetic properties makes the electrodeposited 
Fe-Cr-Ni alloys of great interest as functional coatings or micro-components 
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